Two new polymorphic Alu elements (HS2.25 and HS4.14) belonging to the young (Ya5/8) subfamily of human-specific Alu repeats have been identified. DNA sequence analysis of both Alu repeats revealed that each Alu repeat had a long 3'-oligo-dA-rich tail (41 and 52 nucleotides in length) and a low level of random mutations. HS2.25 and HS4.14 were flanked by short precise direct repeats of 8 and 14 nucleotides in length, respectively. HS2.25 was located on human chromosome 13, and HS4.14 on chromosome 1. Both Alu elements were absent from the orthologous positions within the genomes of non-human primates, and were highly polymorphic in a survey of twelve geographically diverse human groups.
Introduction
The most successful class of repeated DNA sequences in primate genomes is the Alu family of interspersed repeats which have arisen in the last 65 million years of evolution (reviewed in [1] [2] [3] ). Alu repeats belong to a class of sequences defined as short interspersed elements (SINEs). Alu elements are approximately 300 nucleotides in length, dimeric in structure, and contain a middle A-rich region along with a 3'-oligo-dA-rich tail and short flanking direct repeats. Approximately 500,000 Alu SINEs exist within the human genome, representing about 5% of the genome by mass.
Alu repeats are ancestrally derived from the 7SL RNA gene and mobilize through an RNA polymerase-III-derived transcript in a process termed retroposition. The amplification of Alu elements has been dominated by a small number of 'master' genes as well as a few fortuitous source genes [4] resulting in the appearance of distinct subfamilies as defined by 'diagnostic' or subfamily-specific sequence variation (reviewed in [5] ). The youngest Alu subfamilies termed Ya5/8 and Yb8 [5] , appeared around the time humans diverged from other primates, therefore members of these subfamilies are largely restricted to humans [6] [7] [8] [9] [10] [11] [12] . A number of polymorphic Alu insertions have been identified [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Polymorphic members of the evolutionarily young Alu subfamilies are novel markers for the study of human evolution and forensics. In this study, we report the identification and analysis of two polymorphic members of the Ya5/8 subfamily of Alu repeats.
Methods

Cell lines and DNA samples
Cell lines used to isolate DNA samples were previously described [21] . Additional DNA samples from five individual chimpanzees (Pan troglodytes), one gorilla (Gorilla gorilla), three orangutans (Pongo pygmaeus), one macaque (Macaca fascicularis), and one tamarin (Saguinus oedipus) were obtained from BIOS laboratories (New Haven, CT). Human DNA samples from throughout the world were isolated from peripheral lymphocytes [22] available from previous studies [12, 14] .
Library construction and screening
Construction of a randomly sheared total genomic library in bacteriophage λ ZAP II (Stratagene, La Jolla, CA), screening with an oligonucleotide probe specific for the Ya5 subfamily of Alu elements, plaque purification and plasmid rescue have been described previously [18] .
DNA sequence analysis
Plasmid templates for sequencing were prepared by the Qiagen mini-alkaline lysis method according to the manufacturer's instructions (Qiagen, Chatsworth, CA). Double-stranded plasmid templates corresponding to the positive clones from the HeLa genomic library were sequenced with internal Alu-specific primers as previously described [21] . Fluorescently labeled M13 forward and reverse primers and AB Taq cycle sequencing kits were used to sequence PCR products corresponding to each Alu element that had been cloned in the pCR II TA-cloning vector (Invitrogen, San Diego, CA). Sequencing reactions were fractionated on a 6% polyacrylamide gel, followed by data collection and analysis on an ABI 373A DNA sequencer. The sequences reported in this manuscript have been assigned GenBank accession numbers U67211 (HS2.25) and U67221 (HS4.14).
Primer design, PCR amplification and chromosomal localization
Sequences flanking the Alu elements were screened for the presence of human repetitive sequences and PCR primers were designed using the PRIMER software (Whitehead Institute for Biomedical Research, Cambridge, MA) as previously described [21] . PCR amplification was carried out as previously described [21] . PCR products were directly visualized following agarose gel electrophoresis using UV fluorescence. Alu family member HS2.25 was amplified using the primers HS2.25 5',5'-CAGCTAAGAGATGGAATCAACC-3' and HS2.25 3',5'-ATCCATTAACCAGCCTCTCC-3'. Amplification of the HS2.25 locus results in the production of a 658 bp fragment containing the Alu repeat or a 302 bp fragment without the Alu element. Alu family member HS4.14 was amplified using the primers HS4.14 5',5'-AAGAGAAGATCAGTAGG-3' and HS4.14 3',5'-TATGGCTCAGAATACAG-3'. Amplification of the HS4.14 locus results in the production of a 484 bp fragment containing the Alu repeat or a 151 bp fragment without the Alu element. The annealing temperatures for HS2.25 and HS4.14 were 67°C and 53°C, respectively. Phylogenetic analysis of the Alu elements was determined by PCR amplification of human and fifteen non-human primate DNA samples as previously described [21] . The chromosomal location of each Alu repeat was determined by PCR amplification of NIGMS human/rodent somatic cell hybrid mapping panels 1 and 2 (Coriell Institute for Medical Research, Camden, NJ).
Results and discussion
DNA sequence analysis
A randomly sheared total genomic human library was screened with an oligonucleotide probe harboring the diagnostic mutations specific for the Ya5/8 subfamily of Alu repeats as a part of a directed strategy to identify additional members of the subfamily [10] . Several hundred clones were randomly selected and arrayed into microtiter plates after screening. Two clones were sequenced using internal Alu-specific primers to obtain the sequence of the regions flanking the Alu repeat [10] . The flanking sequences of each Alu element were verified by comparing the sequences of the direct repeats of each Alu element, since the majority of young Alu elements are flanked by perfect direct repeats as compared to older Alu elements in which the flanking direct repeats have been subjected to random mutations after the genomic integration of these elements [7, 10, 23] .
Oligonucleotide primers complementary to the 5' and 3' unique sequence regions flanking each Alu repeat were designed and optimized for their specificity in PCR reactions using total human or chimpanzee genomic DNAs as templates for the PCR. The PCR primers were used in a series of experiments to determine the phylogenetic distribution, chromosomal localization and insertion polymorphism of each Alu element (outlined below). Finished DNA sequences from the polymorphic Alu repeats were generated and compared to the subfamily consensus sequence. An alignment of the sequences of these two polymorphic Alu elements with the Ya5 subfamily consensus sequence is shown in Fig. 1A .
Both of the Alu elements had all five diagnostic mutations characteristic of the Ya5 subfamily (underlined in the consensus sequence) (Fig. 1A) . Alu element HS4.14 only had a single additional nucleotide substitution at a CpG position, but also contained two insertions within the middle A-rich region of the element. The insertions/expansions in the middle A-rich region of HS4.14 are not surprising since the middle A-rich regions of Alu repeats serve as nuclei for the genesis of microsatellite elements [23] . Subfamily member HS2.25 had six mutations at CpG dinucleotides, one nonCpG mutation and an insertion within the middle A-rich region of the element in addition to the diagnostic mutations. The large number of CpG substitutions may reflect the fact that this element resides within a region of the genome that is subject to a large amount of methylation. The CpG positions within Alu repeats generally mutate at a rate which is 9.2-fold higher than the non-CpG positions as a result of the spontaneous deamination of 5-methyl cytosine [10, 24] . A total of 1 out of 480 non-CpG nucleotides is mutated within the two dimorphic Alu repeats (excluding the three insertions) or an average of 0.5 ± 0.71 substitutions in each Alu repeat as compared to the subfamily consensus sequence. Using a neutral rate of evolution of 0.15% per million years [25] , the average age of the two polymorphic Alu elements is approximately 1.39 ± 1.97 million years. This estimate compares well to the previously reported age of the Ya5 subfamily of 2.8 million years, since the previous estimate included both polymorphic and monomorphic Alu family members [10] . A direct comparison to the calculated age of several polymorphic Alu repeats of 1.63 million years [21] is also possible since HS2.25 and HS4.14 are both polymorphic.
Both Alu elements HS2.25 and HS4.14 contained homopolymeric A-rich tails composed exclusively of adenine residues. Homopolymeric A-rich tails are characteristic of recent Alu insertions [10] . In addition, both of the elements were flanked by perfect direct repeats 8 and 14 bp in length for HS2.25 and HS4.14, respectively (Fig. 1B) . Perfect direct repeats are a characteristic of young Alu repeats [10, 11, 13, 21, 23, 26] .
Phylogenetic analyses and chromosomal locations
Phylogenetic analyses were performed using DNA samples from humans as well as fifteen non-human primates as templates for the PCR. The Ya5 subfamily of Alu repeats began to amplify around the time humans diverged from non-human primates (approximately 5 million years ago) [8, 10] , therefore members of this subfamily are primarily restricted in their distribution to humans. However, a few Ya lineage Alu repeats have been detected in non-human primates [27, 28] . Both HS2.25 and HS4.14 were found exclusively in humans, and were absent from the genomes of fifteen non-human primates (data not shown). These data are consistent with our previous observations that Ya5 subfamily members are predominantly restricted to the human genome [8, [11] [12] [13] 21] . Using DNA samples isolated from the NIGMS human/rodent somatic cell hybrid mapping panels 1 and 2 we determined the chromosomal location of HS2.25 and HS4.14 to be chromosomes 13 and 1, respectively (data not shown).
Human genomic variation
Polymorphic Alu elements are unique nuclear markers for the study of human genetic diversity [12, 14, 16, 29, 30] . The insertion of each Alu element within the human genome is a unique event which occurs in a single individual. Since the insertion of an Alu element into the genome is a unique event, the polymorphic Alu elements are identical by descent from a common ancestor [14] . Other commonly used polymorphic markers such as restriction fragment length polymorphisms (RFLP) and variable number of tandem repeats (VNTR) are only identical by state. In addition, the ancestral state of each polymorphic Alu element is known to be the absence of the Alu repeat. Knowledge about the ancestral state of each Alu repeat facilitates the rooting of trees of population relationships [12, 14] .
Previous studies have utilized polymorphic Alu elements to study human genetic diversity and evolution [12, 14, 16, [29] [30] [31] . To ascertain the utility of these polymorphic Alu elements as tools for population studies, we determined the distribution of the two polymorphic elements in individuals from twelve different population groups using PCR-based assays for the presence/absence of each Alu repeat (Table 1) . Each locus was in Hardy-Weinberg equilibrium for all populations except HS2.25 in French, French-Acadians, Syrians and U.S. Caucasians, as judged by independent chisquare tests for goodness of fit. One deviation from Hardy-Weinberg equilibrium would be expected by chance alone since 24 tests for goodness of fit were performed. In each case, the deviations were due to an excess of heterozygous individuals or absence of homozygous individuals which contained the Alu repeat. Both Alu elements were polymorphic in all twelve human populations tested.
The frequency of Alu element HS2.25 ranged from 0.129 in African-Americans to 0.362 in the French Caucasians while HS4.14 varied from 0.573 in Pakistani's to 0.865 in U.S. Caucasians. The lower frequencies of HS2.25 in the twelve populations suggests that it may have arisen more recently as a genomic fossil than HS4.14. The average heterozygosity of HS4.14 was 0.383 while HS2.25 was 0.350. This is quite high considering that these are bi-alleleic polymorphisms with a maximum heterozygosity of 50%. Fst values, which are a measure of population differentiation, were 0.021 and 0.017 for HS2.25 and HS4.14, respectively. These Fst values are low as compared to previous studies of Alu insertion polymorphisms [12, 14, 29] , presumably as a result of the absence of African and Asian populations from the analysis. Both HS2.25 and HS4.14 should prove to be very useful polymorphisms for the study of human population genetics. 
